Tumor cells activate autophagy in response to chemotherapyinduced DNA damage as a survival program to cope with metabolic stress. Here, we provide in vitro and in vivo evidence that histone deacetylase (HDAC)10 promotes autophagy-mediated survival in neuroblastoma cells. We show that both knockdown and inhibition of HDAC10 effectively disrupted autophagy associated with sensitization to cytotoxic drug treatment in a panel of highly malignant V-MYC myelocytomatosis viral-related oncogene, neuroblastoma derived-amplified neuroblastoma cell lines, in contrast to nontransformed cells. HDAC10 depletion in neuroblastoma cells interrupted autophagic flux and induced accumulation of autophagosomes, lysosomes, and a prominent substrate of the autophagic degradation pathway, p62/sequestosome 1. Enforced HDAC10 expression protected neuroblastoma cells against doxorubicin treatment through interaction with heat shock protein 70 family proteins, causing their deacetylation. Conversely, heat shock protein 70/heat shock cognate 70 was acetylated in HDAC10-depleted cells. HDAC10 expression levels in high-risk neuroblastomas correlated with autophagy in gene-set analysis and predicted treatment success in patients with advanced stage 4 neuroblastomas. Our results demonstrate that HDAC10 protects cancer cells from cytotoxic agents by mediating autophagy and identify this HDAC isozyme as a druggable regulator of advanced-stage tumor cell survival. Moreover, these results propose a promising way to considerably improve treatment response in the neuroblastoma patient subgroup with the poorest outcome.
Tumor cells activate autophagy in response to chemotherapyinduced DNA damage as a survival program to cope with metabolic stress. Here, we provide in vitro and in vivo evidence that histone deacetylase (HDAC)10 promotes autophagy-mediated survival in neuroblastoma cells. We show that both knockdown and inhibition of HDAC10 effectively disrupted autophagy associated with sensitization to cytotoxic drug treatment in a panel of highly malignant V-MYC myelocytomatosis viral-related oncogene, neuroblastoma derived-amplified neuroblastoma cell lines, in contrast to nontransformed cells. HDAC10 depletion in neuroblastoma cells interrupted autophagic flux and induced accumulation of autophagosomes, lysosomes, and a prominent substrate of the autophagic degradation pathway, p62/sequestosome 1. Enforced HDAC10 expression protected neuroblastoma cells against doxorubicin treatment through interaction with heat shock protein 70 family proteins, causing their deacetylation. Conversely, heat shock protein 70/heat shock cognate 70 was acetylated in HDAC10-depleted cells. HDAC10 expression levels in high-risk neuroblastomas correlated with autophagy in gene-set analysis and predicted treatment success in patients with advanced stage 4 neuroblastomas. Our results demonstrate that HDAC10 protects cancer cells from cytotoxic agents by mediating autophagy and identify this HDAC isozyme as a druggable regulator of advanced-stage tumor cell survival. Moreover, these results propose a promising way to considerably improve treatment response in the neuroblastoma patient subgroup with the poorest outcome.
drug resistance | HDAC inhibitor | childhood tumors A utophagy is an evolutionarily highly conserved process that can be induced by metabolic or therapeutic stress, such as DNA damage-inducing drugs (1) . The two dominant types of autophagy are macroautophagy and chaperone-mediated autophagy (CMA) (2) . Macroautophagy is regulated by autophagyrelated genes (ATGs), including beclin-1 (ATG6) and microtubule-associated protein 1 light chain 3 (LC3) (ATG8), and involves the sequestration of cytoplasmic components within a double-membrane structure called the autophagosome and successive delivery to lysosomes for degradation (reviewed in ref.
3). CMA targets specific cytosolic proteins to the lysosomes for protein degradation (4) . During CMA, the cytosolic chaperone heat shock cognate (Hsc)70 binds proteins targeted for degradation and translocates them to the lysosomes (5), where they bind to the substrate protein receptor lysosome-associated membrane protein type 2A (LAMP-2A) (6) .
Inhibition of histone deacetylases (HDACs) by HDAC inhibitors (HDACis) have been shown to cause significant anti-tumor effects, including cell-cycle arrest, differentiation, and apoptosis, in a broad spectrum of hematologic and solid tumors (reviewed in ref. 7) . The efficacy of HDACis are currently being evaluated for treating various cancers in clinical trials (7) (8) (9) . Recent research carried out in several tumor cell lines has shown that apoptosis induced by HDACis is accompanied by autophagy (10) (11) (12) (13) (14) (15) (16) (17) . The functional role of autophagy during HDACi-induced cell death is controversial, and interpretations range from assisting the cell death to assisting cell survival. Numerous cytosolic and nuclear proteins are modified by posttranscriptional acetylation (18) , including the proapoptotic protein, p53 (19) ; the macroautophagy regulator, α-tubulin (20) ; and the CMA chaperone protein, heat shock protein (Hsp)90 (21) . The human HDAC family consists of four classes: class I (HDAC1, -2, -3, and -8); class II, which is subdivided into class IIa (HDAC4, -5, -7, and 9) and class IIb (HDAC6 and -10); class III (sirtuin 1 to -7); and class IV (HDAC11) (7, 22, 23) . The class IIb family member HDAC6 is well investigated and has been shown to participate in stress responses via α-tubulin deacetylation and Hsp90 interaction (20, 21, 24) . Much less is known about HDAC10, the second member of class IIb histone deacetylases (25) .
Neuroblastoma, a common pediatric tumor of the sympathetic nervous system, encompasses a wide spectrum of clinical courses ranging from localized to highly aggressive disease (26) . The
Significance
Resistance to chemotherapy is one of the major challenges in oncology. Neuroblastoma is the most common extracranial solid tumor in childhood, and the successful response of highrisk patients to chemotherapy remains poor. Our work showed that the so far poorly studied histone deacetylase (HDAC)10 promotes autophagy-mediated cell survival and signals poor outcome in independent high-risk patient cohorts. Inhibition of HDAC10 sensitized tumor cells for cytotoxic drug treatment. These results offer HDAC10 as a potential biomarker for treatment response of high-risk tumors and open new avenues for developing selective treatment strategies to bypass drug resistance of these tumors.
majority of neuroblastoma patients with advanced stage, highrisk tumors categorized as stage 4 by the International Staging System (INSS) continue to have a poor prognosis despite the continuous intensification of chemotherapy over the last 10 y (26, 27) . Approximately 30% of patients in this group, however, respond well to chemotherapy for as yet unknown reasons. Here, we investigated whether expression of any of the classical HDAC family members in advanced neuroblastomas were capable of predicting poor and good treatment response in this high-risk neuroblastoma subgroup commonly treated with intense multimodal chemotherapy. We then set out to unravel the HDAC10-mediated mechanism of cell survival of advanced stage neuroblastomas.
Results

HDAC10 Expression in Neuroblastomas Predicts Treatment Outcome.
Expression levels of genes encoding single HDAC enzymes have prognostic value in pediatric tumors of the nervous system (28) (29) (30) . Here, we examined whether HDAC expression levels might serve as a biomarker for treatment success in the high-risk subgroup of neuroblastoma patients. We reanalyzed publicly available expression data [Academic Medical Center (AMC) cohort; Gene Expression Omnibus (GEO) database accession no. GSE16476] from 40 advanced stage primary neuroblastomas (INSS stage 4) from patients before treatment with multimodal chemotherapy using the Web-based R2 microarray database (http://r2.amc.nl) (31) to determine HDAC1 to -11 expression levels. From all 11 classical HDACs, only HDAC10 expression significantly correlated with poor overall survival in this patient cohort (Table S1 ). Low HDAC10 expression in the tumor correlated with excellent long-term patient survival, with an overall survival probability of 80%, whereas high expression reduced overall survival probability to 11% (Fig. 1A) . HDAC10 expression could not significantly separate patients with low-risk tumor stages (1-3 and 4s), into different prognostic groups (Fig. 1B) . To confirm this observation, we assessed HDAC10 expression in an independent patient cohort from the National Cancer Institute (NCI) Neuroblastoma Prognosis Database (32), which is publicly available at the Oncogenomics Data Center (http://home. CCR.cancer.gov/oncology/oncogenomics). Elevated HDAC10 expression in advanced INSS stage 4 tumors also significantly correlated with poor overall patient survival in this cohort (Fig. 1C) . HDAC10 expression in other highly malignant pediatric tumors of the nervous system, such as medulloblastoma [Heidelberg cohort (33) ; GEO accession no. GSE28245 (http://r2.amc.nl)] patients significantly separated recurrence and survival ( Fig. S1 A and B) . Thus, HDAC10 expression in neuroblastomas and medulloblastomas before patient treatment separates the survival probability of patients from independent cohorts and may, therefore, serve as useful biomarker to predict treatment outcome in pediatric patients with high-risk pediatric tumors of the nervous system. HDAC10 Promotes Autophagic Processing. Correlation and gene-set analysis on the AMC neuroblastoma cohort using the R2 microarray database revealed that ATG4D expression, which is necessary for autophagosome formation during the induction of autophagy, positively correlated with HDAC10 expression (Table  S2 and Fig. S1C ) and that the term "regulation of autophagy" was overrepresented (Table S2 ). Because we also identified HDAC10 expression in pretreatment tumors as a biomarker for response to polychemotherapy in several patient cohorts, we hypothesized that HDAC10 might have a key function in regulating autophagy and cell survival after exposure to cytotoxic agents. We performed a series of experiments to detect the involvement of HDAC10 in autophagic pathways. HDAC10 was depleted by specific siRNAs against different regions of the HDAC10 mRNA sequence but not of the closely related HDAC6 sequence ( Fig. 2A) . HDAC10 depletion increased the number of large cytoplasmic vesicles in a time-dependent manner (Fig. 2B) . Staining with the acidotropic dye acridine orange and detection of the shift to red fluorescence 72 h after HDAC10 siRNA transfection of BE(2)-C cells revealed the accumulation of acidic vesicular organelles (AVOs), including lysosomes and late endosomes ( Fig. 2C and Fig. S2 ). This shift was fully inhibited by treating the cells with bafilomycin A1, a lysosomal proton pump inhibitor (Fig. 2C) . The increase in AVOs after HDAC10 knockdown was comparable to the AVO accumulation in rapamycin-treated cells (Fig. 2C) . Rapamycin is known to induce autolysosome formation and was used as a positive control. The number of AVOs remained elevated in viable neuroblastoma cells 6 d after siRNA transfection (Fig. 2C) . HDAC10 knockdown also enhanced LAMP-2 expression, which is an AVO marker protein (Fig. 2D) . To investigate whether AVO accumulation upon HDAC10 knockdown is part of macroautophagic processes, expression of the LC3-phosphatidylethanolamine conjugate (LC3-II), an autophagy marker localized to the autophagosome membrane, was assessed (2). EGFP-LC3-positive autophagic organelles (green dots) increased over time following siRNA transfection (Fig. 2E) , and HDAC10 knockdown increased the expression of endogenous LC3-II (Fig. 2F) . Electron microscopy confirmed the formation of autophagosomes and electron-dense lysosomes 72 h after HDAC10 knockdown (Fig.  3) . These results indicate a blockade of autophagic flux.
Knockdown of BECN1 or ATG7, both necessary for de novo autophagosome formation, did not affect AVO accumulation after HDAC10 depletion (Fig. 4 A and B and Fig. S3 A and B) . These results further indicate that HDAC10 depletion impairs the progression of autophagy rather than inducing it. This observation was validated quantitatively by flow-cytometric detection of EGFP-LC3-expressing BE(2)-C cells. HDAC10 knockdown ; AMC cohort) whose tumors expressed low (n = 11) or high (n = 29) levels of HDAC10. Scan modus was used for cutoff determination, and P values were corrected for multiple testing (Bonferroni). The R2 microarray analysis and visualization platform (http://r2.amc.nl) was used for calculations and is the source of the data. (B) Kaplan-Meier curves are shown for overall survival in low-risk neuroblastoma patients (INSS stages 1, 2, 3, and 4s; AMC cohort) whose tumors expressed low (n = 18) or high (n = 30) levels of HDAC10. Tests were run in the same way and using the same tool as in A. (C) Kaplan-Meier curves are shown for overall survival in high-risk neuroblastoma patients (INSS stage 4; NCI cohort; n = 31) whose tumors expressed low (n = 24) or high (n = 7) levels of HDAC10. Expression data were obtained from the Neuroblastoma Prognosis Database of the NCI Oncogenomics Data Center (http://home.CCR.cancer.gov/oncology/oncogenomics). Cutoff was determined using a P value minimization check, and P values were corrected for multiple testing using the Bonferroni method.
caused an accumulation of EGFP-LC3 to a similar extent as treatment with the lysosomal inhibitor bafilomycin A1 (Fig. 4C) . We monitored accumulation of the autophagy substrate p62/ sequestosome 1 (34) to directly assess autophagic flux inhibition (35) . Rapamycin treatment of BE(2)-C cells induced p62 degradation, whereas bafilomycin A1 and chloroquine treatment resulted in p62 accumulation (Fig. S3C ). HDAC10 knockdown also increased p62 levels (Fig. 4D) . Conversely, ectopic expression of wild-type HDAC10, but not the catalytically inactive mutant H135A (25), reduced p62 levels (Fig. 4D) . These results demonstrate that HDAC10 regulates autophagic flux and that the intact catalytic domain of HDAC10 is required for this regulation.
HDAC10 depletion combined with chloroquine treatment, a lysosomal inhibitor, did not increase LC3-II levels above levels produced by chloroquine treatment alone (Fig. S3D ). Because accumulation of mitochondria is indicative for an insufficient autophagic degradation of organelles, we observed mitochondria following HDAC10 knockdown in BE(2)-C cells with MitoTracker Green staining. Significant accumulation of mitochondria ( Fig. S3E ) accompanied by increased reactive oxygen species (2)-C and Kelly cells with two siRNAs specific for HDAC10 (HDAC10 #1 and #2) or the negative control siRNA (NC #1) detected after acridine orange staining (red fluorescence) by FACS for quantification and on a microscope for visualization microscopically (inlay). (Scale bar: 50 μm.) Cells were also treated with 10 nM bafilomycin A1 (BAF) or 100 nM rapamycin (positive control). Means from at least three independent experiments are shown, and error bars represent SEM. Asterisks indicate the level of significance between testing groups from an unpaired two-tailed t test. *P < 0.05; **P < 0.01; ***P < 0.001. (D) Expression of the LAMP-2 lysosomal marker protein is shown in Western blots of whole-cell lysates 6 d after transfection with HDAC10 siRNAs #1 and #2 or negative control siRNA (NC #1). β-Actin was used as a loading control. Numbers indicate LAMP-2 expression relative to the negative control, normalized to β-actin expression. (E) Autophagosome formation was visualized after HDAC10 knockdown by transient transfection with the EGFP-LC3 expression construct. Punctate staining is indicative for the redistribution of EGFP-LC3 to autophagosomes. Pictures were taken 72 h and 6 d after transfection with siRNAs. Cells treated for 24 h with 100 nM rapamycin or for 5 h with 25 μM chloroquine are shown as positive controls. ImageJ quantification of three independent experiments, each including at least 25 cells per treatment is shown to the right of the representative pictures for the respective time points. HDAC10 #1, HDAC10 siRNA #1; HDAC10 #2, HDAC10 siRNA #2; NC #1, negative control siRNA #1. (F) LC3-I and LC3-II expression in whole-cell lysates of BE(2)-C cells 6 d after transfection with HDAC10 siRNAs #1 or #2 or negative control siRNA (NC #1) detected by Western blotting. β-Actin was used as a loading control. The ratios of LC3-II to LC3-I expression normalized to untransfected cells (UN) are included below the Western blot, and the normalized ratios from three independent experiments are shown in the bar graph below.
(ROS) formation (Fig. S3F ) occurred after HDAC10 depletion. To investigate whether HDAC10 depletion disables the efficient fusion of autophagosomes to lysosomes, BE(2)-C cells were transfected with the mCherry-EGFP-LC3B plasmid. The acidsensitive green fluorescence is lost upon the efficient fusion between autophagosomes and lysosomes because of the low pH of the autolysosome, shifting the fluorescence to red. Nonacidic autophagosomes fluoresce yellow because of the overlapping of red mCherry tag and the green fluorescing EGFP tag on the LC3 protein. The overlap coefficient was determined for quantification (Fig. 4E) . HDAC10 depletion disabled efficient autophagosomelysosome fusion.
BE(2)-C cells were treated with different class IIb HDAC inhibitors, as well as the class I selective HDAC inhibitor MS-275, and AVO development was followed by acridine orange staining. Bufexamac selectively inhibits HDAC10 and -6 (36), whereas tubastatin inhibits HDAC10 with higher affinity than HDAC6 (Fig. S4A) , and tubacin selectively inhibits only HDAC6 (37) . Treatment with bufexamac and tubastatin, but neither tubacin nor MS-275, significantly increased the number of AVOs (Fig. 5A) . MS-275 class I inhibitory action was confirmed by demonstration of histone 4 acetylation (Fig. 5B) . We also determined tubulin acetylation in tubacin-treated cells, demonstrating on-target activity of the compound (Fig. 5C) . The results are in line with HDAC6 knockdown experiments, which also did not increase the number or AVOs (Fig. S4B) . Bufexamac treatment caused AVO accumulation in several neuroblastoma cell lines and MYC-transformed JoMa1 cells but not in untransformed astrocytes or fibroblasts or normal JoMa1 cells (Fig.  5D ). The neural crest-derived JoMa1 cells represent a neuroblastoma cell of origin isogenic model that can be retained in a transformed, immortalized, and undifferentiated state via (Z)-4-hydroxytamoxifen (4-OHT) supplementation to activate MYC expression and in a differentiated state upon 4-OHT removal (38) . Thus, small-molecule inhibition of HDAC10 phenocopies the effect of HDAC10 depletion. Taken together, our data demonstrate a critical function for HDAC10 in regulating autophagic processing in tumor cells.
HDAC10 Inhibition Sensitizes Drug-Resistant Neuroblastoma Cells to
Doxorubicin Treatment. It has been proposed that tumor cells use autophagy as a survival mechanism to cope with stress induced by cytotoxic drugs, such as doxorubicin (1, 39, 40) . Because HDAC10 depletion or inhibition blocks autophagy in our neuroblastoma model, we hypothesized that HDAC10 inhibition would sensitize neuroblastoma cells to drug-induced cell death.
The V-MYC myelocytomatosis viral-related oncogene, neuroblastoma derived (MYCN)-amplified neuroblastoma cell lines BE(2)-C, Kelly, and IMR32 have been described as relatively insensitive to doxorubicin treatment (41) . Among these, BE(2)-C cells were most resistant, and IMR32 cells were most sensitive (Fig. 6A) . Interestingly, endogenous HDAC10 expression was lower in IMR32 cells than in BE(2)-C and Kelly cells (Fig. S5A) . Stable HDAC10 overexpression protected IMR32 cells against doxorubicin-induced toxicity in longer-term colony assays (Fig. 6B) . The treatment of the relatively resistant BE(2)-C cells with highdose doxorubicin enhanced autophagic flux, measurable by p62 degradation, and this doxorubicin-induced p62 degradation was abolished by HDAC10 depletion (Fig. 6C) . HDAC10-depleted BE(2)-C cells were more sensitive to doxorubicin (Fig. 6D and Fig. S5 B-D) . In contrast, untransformed fibroblasts were not sensitized to doxorubicin by HDAC10 depletion (Fig. S5D) . We treated neuroblastoma, medulloblastoma, and untransformed cells with the class IIb HDAC inhibitor bufexamac in combination with doxorubicin and then measured cell death via DNA fragmentation assay and poly(ADP-ribose) polymerase (PARP) cleavage. Whereas bufexamac and doxorubicin cotreatment significantly enhanced cell death of tumor cells, an isogenic, normal neural crest-derived cell model (JoMa1) exhibited no increase in cell death, which indicated tumor selectivity of this treatment combination ( Fig. 6E and Fig. S6 ). Of note, in longer-term colony assays, cotreatment of cells with bufexamac and doxorubicin resulted in effective killing of neuroblastoma and medulloblastoma cells (Fig. 6F) . Similar results were obtained for bufexamac and vincristine cotreatment ( Fig. 6G and Fig. S5F ). In summary, blocking autophagic flux through HDAC10 inhibition enhanced the tumor-specific toxicity to DNA damage-inducing drugs currently used in patient treatment. Our results suggest a promising tumor-selective approach for advanced-stage, chemotherapyresistant tumors.
HDAC10 Controls Lysosomal Activity and Resistance to Cytotoxic
Drugs via Interaction with Hsp70 Family Proteins. We next set out to narrow down the critical point of interference during the process of autophagy. BECN1, ATG7, LAMP-2A, and the Hsp70 family proteins are required at different points during autophagy or for different types of autophagy. BECN1 and ATG7 are required for autophagosome formation, LAMP-2A is required for CMA, HDAC6 plays a role in the clearance of misfolded proteins by autophagy, and the Hsp70 protein family with the two major family members, Hsc70 and Hsp70, is an essential mediator of lysosomal degradation. Constitutively expressed Hsc70 enables the transport of proteins marked for degradation via LAMP-2-driven translocation to lysosomes (6), whereas Hsp70 expression induced by stress functions as a guardian of lysosomal membrane integrity (42) (43) (44) . We blocked autophagy during cytotoxic treatment in BE(2)-C cells at the different points shown in Fig. 7A using siRNAmediated knockdown or inhibitor treatment. ATG7, LAMP2A, or HDAC6 knockdown protected the neuroblastoma cells from doxorubicin-mediated cytotoxicity, whereas BECN1 knockdown had a slight sensitizing effect. HSC70 knockdown and doxorubicin treatment resulted in complete lethality (Tables 1 and 2 ), which could be confirmed by longer-term colony assays (Table 1 and Fig. S7A ). Cotreatment of the BE(2)-C cell line with doxorubicin and one of the lysosomal inhibitors [NH 4 Cl, chloroquine, or 2-phenylethynesulfonamide (PES)] also significantly decreased cell viability (Table 3) . Longer-term colony assays confirmed complete loss of cell viability in chloroquine/doxorubicin and PES/doxorubicin cotreated cells, respectively (Table 3 and Fig. S7B ). PES interacts with Hsp70 family proteins to disrupt the association with interacting proteins and impair lysosomal function and inhibit autophagy (45, 46) . Treatment with wortmannin or 3-MA, which inhibit the early stage of autophagosome formation, did not enhance neuroblastoma cell cytotoxicity to doxorubicin (Table 3 and Fig. S7B ). Thus, failed autophagy because of impaired lysosomal activity enhanced neuroblastoma cell toxicity to doxorubicin. Bars represent means (±SEM) of at least three independent experiments. Significant differences between groups were tested using an unpaired, two-tailed t test. **P < 0.01; ***P < 0.001.
Because we determined that sensitization of neuroblastoma cells toward doxorubicin takes place at the level of the lysosomes and involves Hsc70/Hsp70 (scheme in Fig. 7A ), we hypothesized that HDAC10 is involved in controlling this step of autophagic processing to create drug resistance. Recently, Lai et al. reported that HDAC10 was complexed together with deacetylated Hsc70 in HEK293 cells (47) . To test whether HDAC10 interacts with Hsp70 family proteins in neuroblastoma cells, we transfected BE(2)-C cells with FLAG-tagged HDAC10 and immunoprecipitated HDAC10-containing complexes. Interestingly, Hsc70/ Hsp70 coprecipitated with FLAG-tagged HDAC10 (Fig. 7B and (Fig. S7D) , as well as broad-spectrum inhibitor trichostatin A (TSA) (Fig. 7B) , reduced the amount of Hsc70/Hsp70 interacting with FLAG-tagged HDAC10. Immunoprecipitation using an antibody recognizing both Hsc70 and Hsp70 demonstrated that endogenous HDAC10 also interacts with Hsc70/Hsp70 (Fig. 7C) . TSA treatment eliminated the interaction between endogenous Hsc70/Hsp70 and HDAC10 proteins, which is consistent with data from Lai et al. that HDAC10 binds deacetylated Hsc70 (47) . HDAC10 overexpression resulted in the loss of detectable Hsc70/Hsp70 acetylation (Fig. 7D) , whereas All bars represent means (±SEM) of at least three independent experiments. Significant differences between groups were tested using an unpaired, two-tailed t test. *P < 0.05; **P < 0.01; ***P < 0.001; n.s., not significant.
HDAC10 knockdown induced Hsc70/Hsp70 acetylation (Fig. 7E) . Colocalization studies confirmed that both proteins colocalize in the cytoplasm of the cells and at perinuclear regions, typically harboring late endosomes (Fig. 7F) . To confirm whether the cytotoxic protective function of HDAC10 depends on functional Hsc70/Hsp70, HDAC10 expression was enforced in IMR32 cells, which were then cotreated with the Hsc70/Hsp70 inhibitor PES and doxorubicin. In control experiments, catalytically inactive HDAC10-H135A variant was overexpressed. PES treatment inhibited the interaction of HDAC10 with Hsc70/Hsp70 (Fig.  S7E) and abolished the protective function of HDAC10 against doxorubicin (Fig. 7G) . These data imply that HDAC10 promotes resistance to doxorubicin via direct interaction with Hsc70/Hsp70, resulting in its deacetylation.
Discussion
Histone deacetylases regulate the processes of differentiation, cell cycle, and apoptosis through the deacetylation of epigenetic, indirect epigenetic and nonepigenetic substrates. However, the cellular and molecular mechanisms controlled by individual HDAC isozymes are poorly understood (8, 30, 48) . Here, we report a critical function of HDAC10 in regulating autophagic flux and cell survival. The HDAC class IIb family includes HDAC6 and HDAC10. Whereas numerous publications on HDAC6 function as a microtubule-associated deacetylase involved in the response to misfolded protein stress via degradation by autophagy have been published (49) (50) (51) (52) , little is known about the molecular and cellular function of HDAC10. HDAC10 has been reported to be involved in melanogenesis via repressor Significant differences between groups were tested using a paired, two-tailed t test. *P < 0.05.
deacetylation (47) and in thioredoxin up-regulation in gastric cancer cells (53) . A HDAC10 knockout phenotype has yet to be described. Thus, the identification of HDAC10 as an important regulator of autophagy and lysosomal fusion is an important and previously undescribed cellular function of HDAC10. Knockdown of HDAC10 expression did not affect HDAC6 expression, ruling out a compensatory mechanism. Neither treatment with the HDAC6-selective inhibitor tubacin nor HDAC6 knockdown induced AVO accumulation, indicating that these two class IIb HDAC family members have different functions in regulating protein degradation in neuroblastoma cells. We have reported previously that HDAC8 controls differentiation and that HDAC2 controls apoptosis in neuroblastoma cells (29) , underscoring the selective cellular function of individual HDAC isozymes in this tumor type. Intriguingly, of all 11 classical HDACs, only the expression of HDAC10 was a significant biomarker separating the clinical outcome of advanced (stage 4) neuroblastoma patients.
Autophagy is a complicated process that can have opposing effects on tumorigenic and tumor progression processes. In advanced-stage tumors, autophagy very likely represents a prosurvival mechanism helping cells to cope with cellular stress and resist cytotoxic treatments. DNA damage-inducing drugs, such as doxorubicin, have been described to induce autophagy in tumor cells as a mechanism for survival and resistance (1, 40) . We show that productive autophagy with efficient autophagosome-lysosome fusion depends on HDAC10 and that HDAC10 depletion enhances the susceptibility of tumor cells to chemotherapeutic drugs, such as doxorubicin. Of note, HDAC10 depletion itself impaired viability of the tumor cells, very likely through the inefficient clearing of mitochondria and increased ROS production. In line with these results, enforced HDAC10 expression mediated doxorubicin resistance. HDAC6 knockdown did not enhance susceptibility but enhanced resistance of neuroblastoma cells to doxorubicin. We also demonstrated that HDAC10 interacts with Hsps in neuroblastoma cells. The major members of the Hsp70 family are Hsc70 and Hsp70, both controlling many important cellular functions, including protein folding, ubiquitinmediated protein degradation, lysosomal protein degradation, and lysosomal membrane integrity (reviewed in ref. 54) . It is tempting to speculate that the interaction of HDAC10 with Hsp70 family proteins, which results in their deacetylation, stabilizes lysosomal function and membrane integrity (44) . However, further experiments are necessary to unravel the direct molecular link.
We showed that HDAC10 expression in primary tumors signaled poor survival of advanced stage neuroblastoma patients. HDAC10 expression also correlated with autophagy in gene-set analysis, primarily with ATG4D, which regulates autophagosome biogenesis through LC3 processing (55) . Thus, our results identify HDAC10 as a regulator of neuroblastoma cell survival and a potential biomarker for autophagy dependency and the prediction of chemotherapy response in patients with high-risk neuroblastomas, as well as being potentially useful for patients with other highly malignant pediatric tumors of the nervous system. Interruption of autophagic flux by selective inhibition of HDAC10 functionality for the lysosomes through an Hsc70/ Hsp70-dependent mechanism (see also Fig. 7A ) could represent a promising approach to sensitize aggressive neuroblastomas to chemotherapy. Taken together, these results identify HDAC10 as a druggable regulator of advanced-stage tumor cell survival and a potential marker for predicting therapy response in the neuroblastoma subgroup with the poorest outcome of all. Implementation of this approach in clinical trials may dramatically improve the survival of children who currently have almost no chance of cure.
Materials and Methods
Cell Culture. Cell culture and transient transfections were performed as described previously (29) . Details are supplied in SI Materials and Methods.
Reagents. The class IIb inhibitors bufexamac (Sigma) (36) , tubastatin (Biozol; 5 mM stock), and tubacin (Enzo Life Sciences; 1 mM stock) were dissolved in DMSO. Bafilomycin A1 (10 μM stock), rapamycin (100 μM stock), and wortmannin (1 mM stock) were all obtained from Sigma and dissolved in DMSO. Chloroquine (Sigma; 100 mM stock), 3-methyladenine (3-MA) (Sigma; 200 mM stock), NH 4 Cl (Carl Roth; 1 M stock), PES (Sigma; 10 mM stock), doxorubicin (Biozol; 1 mg/mL stock), and vincristine (Enzo Life Sciences, 5 mM stock) were dissolved in H 2 O. Determination of K d values for tubastatin were performed as described in ref. 56 . The details of K d value calculation is supplied in SI Materials and Methods.
Real-Time Reverse Transcription-PCR. Real-time reverse transcription-PCR was performed as described previously (29) . Primer pairs are listed in SI Materials and Methods. Coimmunoprecipitation. Cells were lysed in 50 mM Tris·HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA, and 1% Triton X-100 buffer containing a protease inhibitor mixture (Roche). Total cell lysates were precleared for 1 h with antirabbit IgG TrueBlot beads (eBioscience) and then incubated for 2.5 h with antibodies at 4°C. Immunocomplexes were captured with anti-rabbit IgG TrueBlot beads (eBioscience) or with anti-FLAG M2-conjugated agarose (Sigma) by incubation at 4°C for 2 h on a rotatory mixer. Coprecipitated proteins were detected using Western blotting as described previously (29) . Antibodies are listed in SI Materials and Methods.
Cell-Viability and Cell-Death Assays. Cell viability was measured by automated trypan blue staining on the Vi-Cell XR Cell Viability Analyzer (Beckman Coulter). Apoptosis quantification of propidium iodide (PI) stained and ethanol-fixed cells by flow cytometry was performed as described previously (57) .
For detection of PARP cleavage, anti-PARP (4C10-5; BD Pharmingen) was used. For all cell death assays, trypsinized cells were pooled with corresponding supernatant, centrifuged, and resuspended in cell culture media. Metabolic activity was colorimetrically determined using the WST-1 assay (Roche) according to the manufacturer's instructions.
Colony Assay. In six-well plates, 1,000-30,000 cells, depending on the cell line, were seeded and treated as indicated. Viable colonies were stained after 10 d with crystal violet. For quantification, the mean intensity of each well of the 8-bit binary picture was measured with ImageJ software.
Acridine Orange, EGFP-LC3, and ROS Detection. The acidotropic dye acridine orange was used to detect and quantify AVOs. Acridine orange undergoes a shift from green to red fluorescence in functional (auto)lysosomes (58) . Cells were stained with 1 μg of acridine orange (Sigma) per milliliter of phenol red-free medium for 30 min at 37°C and then collected and resuspended in 300 μL of phenol red-free medium for FACS analysis. Green (510-530 nm) and red (>650 nm) fluorescent emission from living cells stimulated with blue laser (488 nm) was detected using the FACSCalibur flow cytometer (Becton Dickinson). Autophagic flux was determined based on pH quenching and lysosomal degradation of EGFP-LC3 (59) . EGFP fluorescence of living cells was determined with FACSCalibur flow cytometer (Fl-1 channel: 510-530 nm) following transfection and indicated drug treatments. ROS generation was quantified using 5-(and-6)-chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate, acetyl ester (Molecular Probes) according to the manufacturer's instructions. Cells were incubated for 20 min with 5 μM dye, and fluorescence intensity was measured using FACSCalibur flow cytometer. Mitochondria were stained and quantified using MitoTracker Green (Invitrogen) according to the manufacturer's instructions. Cells were incubated for 20 min with 50 nM dye, and fluorescence intensity was measured using FACSCalibur flow cytometer. All FACSCalibur data were analyzed using the CellQuest Pro software.
Electron and Fluorescent Microscopy. For electron microscopy, 6 × 10 4 cells
were seeded onto glass slides in six-well plates. Cells were fixed in Karnovsky's solution [4% (wt/vol) paraformaldehyde and 2% (wt/vol) glutaraldehyde] 72 h after transfection and then postfixed in 2% (wt/vol) osmium tetroxide in 0.2 M cacodylate buffer, before step-wise dehydration in ethanol and embedding in araldite. Ultrathin sections (60-70 nm) were cut on an ultracut UCT microtome (Leica). Sections were contrasted with uranyl acetate and lead citrate and analyzed on an EM 900 electron microscope (Zeiss). For immunostaining, cells were fixed onto glass slides with 2% paraformaldehyde in PBS and then permeabilized with 0.1% (vol/vol) Triton X-100 in PBS before incubation with primary antibodies for 2 h and secondary antibodies for 1 h at room temperature. Primary antibodies were as follows: rabbit anti-Hsp70/Hsc70 (H-300; Santa Cruz Biotechnology) and mouse anti-FLAG-M2 (Sigma). Secondary antibodies were as follows: Cy3-labeled anti-rabbit IgG (Molecular Probes) and Alexa488-labeled anti-mouse IgG (Molecular Probes). Immunostained cells and cells transfected with EGFP-LC3 or mCherry-EGFP-LC3B were viewed using the 63× objective on an LSM700 laser-scanning confocal microscope (Zeiss).
Web-Based Gene-Expression Analysis. R2 (http://r2.amc.nl) and the online oncogenomics database (http://pob.abcc.ncifcrf.gov/cgi-bin/JK) were used to investigate HDAC10 mRNA expression in previously analyzed cohorts of primary neuroblastomas (AMC und NCI) and medulloblastomas (Heidelberg), with the respective GEO accession nos. GSE16476 (neuroblastoma AMC) and GSE28245 (medulloblastoma Heidelberg). The following probe sets were used to detect HDAC10 expression: neuroblastoma (AMC), 226672_s_at; neuroblastoma (NCI), 811025; and medulloblastoma (Heidelberg), A_23_P211673. Patient characteristics for the neuroblastoma (AMC), neuroblastoma (NCI), and medulloblastoma (Heidelberg) cohorts were previously published (31) (32) (33) .
Statistical Analysis. All cell culture experiments were performed in duplicate or triplicate, and each experiment was repeated at least three times. A twotailed t test was performed using GraphPad Prism Version 3.00 (GraphPad Software) to compare treatment groups. P values of less than 0.05 were considered as significant. The Bonferroni-corrected P value, which denotes the significance in survival potential when performing a scan, was calculated to compare Kaplan-Meier curves.
